Abstract-The Ti 2 AlN MAX-phase is synthesized by reaction sintering from Ti-AlN powder mixtures. The optimal synthesis mode of the compound containing less than 1% of the TiN impurity phase is established. It includes isothermal annealing at 1300°C for 2 h in argon at a pressure of 3 atm. The influence of the preliminary mechanical activation of the powder mixture and the reaction synthesis medium on the yield of the Ti 2 AlN phase are investigated. It is shown that the activation leads to an increase in the content of the secondary TiN phase. It is revealed that the vacuum synthesis also does not make it possible to form the singlephase Ti 2 AlN material.
INTRODUCTION
Compounds based on the Ti 2 AlN phase belong to the class of refractory materials possessing a layered structure ( Fig. 1 ) and are described in general form by formula M n + 1 AX n , where M is the transition metal, A is the element of subgroup IIIA or IVA of the periodic table, and X is carbon or nitrogen [1] .
This phase was synthesized for the first time in 1963 [2] , but intense investigations of similar ternary compounds called MAX phases started in the end of 1990s [3] . It was found that materials based on MAX phases possess properties combining the advantages of metals and ceramics [4] such as small specific weight, higher strength and elasticity modulus, low thermal expansion coefficient, and resistance to oxidation and thermal shock [5] .
The synthesis of the Ti 2 AlN phase can be implemented both using elements and TiN or AlN compounds. The most widespread synthesis method of the Ti 2 AlN phase is hot isostatic pressing (HIP). The Ti 2 AlN-based dense material containing 10-15 vol % TiN was fabricated in argon (t = 1400°C, P = 40 MPa, τ = 48 h) from the 2Ti-AlN mixture [6] for the first time. The almost single-phase pore-free material was synthesized from the Ti-Al-TiN mixture for 2 h under a pressure of 30 MPa at 1300°C [7] . The Ti 2 AlN-based material with a considerable fraction of oxide phases in the surface layer was fabricated by selfpropagating high-temperature synthesis (SHS) in a heat explosion mode upon rapid heating of the Ti-Al-TiN mixture in air to 650-850°C [8] . The possibility to synthesize the Ti 2 AlN-based material according to the SHS technology was also demonstrated in [9] .
The material with the TiN content up to 3 wt % was prepared by spark-plasma sintering (SPS) (t = 1450°C, P = 50 MPa, τ = 5 min) [10] . SPS in a temperature range from 800 to 1450°C also resulted in a product with the minimal content of accompanying binary phases [11] .
The analysis of the known experimental results evidences that the synthesized material always includes nitride (TiN and AlN) and intermetallic Ti-Al phases. The SPS method, although it gives the opportunity to fabricate the Ti 2 AlN phase with the minimal TiN content, requires high-cost equipment. Fig. 1 . Samples (1) before and (2) after reaction sintering at t = 1300°C and τ = 120 min in argon.
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Reaction sintering is an alternative to the known synthesis methods of the Ti 2 AlN compound. The goal of this work was to search for the optimal compositions of mixtures, methods of their preliminary treatment, and temperature-temporal synthesis ranges of the Ti 2 AlN compound with the minimal content of impurity phases.
EXPERIMENTAL
We used powders of Ti (PTM) and AlN (prepared by the SHS method) with dispersity of 40 and 1-5 μm, respectively, as initial components. Reagents in molar ratio Ti : AlN = 2 : 1 were mixed in a ball mill for 1 h. To determine the influence of mechanical activation on the yield of the final product, the mixture was partially treated in a planetary mill (acceleration of 90g, τ = 5 min, and mass ratio of balls and the charge of 20 : 1). Cylindrical samples 10 mm in diameter and 12 mm in height ( Fig. 1) with the relative density of 50% were compacted from the mixture.
The samples were placed into a BN crucible. Heating was performed using a UVD-2000 installation in argon under a pressure of 0.3 MPa at 1100, 1300, and 1500°C. A series of syntheses was performed under a rarefaction of 2 × 10 -8 MPa. The heating rate to the specified temperature was 50 K/min. The duration of isothermal holding varied from 30 to 180 min. After cooling, the material was milled to powder dispersed to less than 100 μm.
The phase composition of synthesis products after cooling was determined by X-ray phase analysis (XPA) with the help of a DRON-3M diffractometer using copper radiation with a monochromatized secondary beam. X-ray diffraction patterns were registered in a step-by-step scanning mode in angle range 2θ = 10°-80° with a recording step of 0.02° and a counting time of 2 s. The quantitative ratio between the phases in the synthesized material was evaluated by the Rietveld method in the Burevestnik software package with the help of the known structural data. Unit-cell parameters of the phases were determined using the internal standard method (the standard was silicon SRM640D). The material microstructure was investigated using a Zeiss Ultra plus ultrahigh resolution field emission scanning electron microscope based on Ultra 55.
RESULTS AND DISCUSSION
Our experiments resulted in the synthesis of the material containing, depending on the synthesis conditions, from 46 to 99 wt % of the Ti 2 AlN ternary phase. Small sample shrinkage was observed after the synthesis (Fig. 1) .
It is evident that the phase composition of the material with the invariability of the quantitative ratio of initial mixture components will depend first and foremost on temperature (t) and time (τ) of isothermal holding. The material formed at t = 1100°C in argon contains phases Ti 2 AlN, TiN, AlN, Ti 3 Al, and Ti 3 AlN (Fig. 2a) . The fraction of the MAX-phase at τ = 120 min does not exceed 60 wt % (Table 1) .
It is evident that 1100°C is an insufficient temperature for the formation of the Ti 2 AlN ternary phase, which is the equilibrium phase at specified concentration ratios of elements according to the phase diagram [12] , for time shorter than 2 h. An increase in the sintering temperature to 1300°C substantially increases the amount of the Ti 2 AlN phase in the final product. The almost single-phase material is formed for the time not exceeding 90 min ( Table 2 ). The content of the secondary TiN phase lowers to 1 wt % after isothermal annealing for 120 min. The diffraction lines of the Ti 2 AlN phase are narrow, which evidences the high quality of its crystalline structure and compositional uniformity (Fig. 2b) . Unit cell parameters of phases Ti 2 AlN and TiN (Table 3 ) are close to those of The sintering medium substantially affects the phase composition of the material. The synthesis in vacuum at t = 1500°C for 3 h leads to the formation of the twophase product (Fig. 2c) , which contains 83 wt % Ti 2 AlN and 17 wt % TiN. The investigation of the thermal decomposition of the AlN phase in vacuum with the use of mass spectrometry [13] evidences its congruent dissociation according to the reaction The noticeable dissociation of the AlN phase starts at a temperature above 1300°C. The magnitude of the partial pressure of Al at t = 1527°C calculated based on the equilibrium constant of the dissociation reaction of the AlN phase [14] is 700 Pa, which leads to its evaporation in dynamic vacuum conditions. The resulting quantitative ratio between elements in the synthesized material does not correspond to the initial composition. Thus, the process performance in vacuum does not make it possible to prepare the singlephase Ti 2 AlN material.
The preliminary mechanical activation (MA) of the initial mixture was considered a factor able decrease the temperature and time of the synthesis of the Ti 2 AlN phase. It was expected that it will lead to an increase in the structural imperfection of the material and, correspondingly, to an increase in the diffusion mobility of the atoms, making it possible to attain the equilibrium in the system for the shorter time. However, our results evidence that the MA leads to a decrease in the content of the Ti 2 AlN phase by 5-10 wt % on average compared with the synthesis of the material from the nonactivated mixture with identical annealing parameters (Fig. 3) .
The quantitative ratio between elements in the synthesized material shows that this product is depleted by Al when compared with the initial composition. We can assume that the MA determines the change in the thermal dissociation kinetics of the AlN phase. This results in the depletion of the mixture with aluminum. Nitrogen, which is evolved due to the dissociation, interacts with titanium with the formation of the TiN phase.
Thus, an increase in the TiN content after the material synthesis from the preliminary activated mixture is caused by the same factor as during the synthesis in vacuum at 1500°C, when the product was considerably depleted with aluminum, and the TiN content reached 17 wt %. A similar result was found for the synthesis of the Ti 3 SiC 2 MAX phase with the preliminary MA stage [15] . The content of the secondary TiC phase substantially increased after performing the MA of the initial mixture.
The investigation into the influence of the density of sintered samples on the phase composition of the product showed that this parameter exerts no notice- With the apparent density of the sample, when the mixture was poured into a crucible and the synthesis was performed at 1300°C for 90 min, the content of the Ti 2 AlN phase was 96 wt %. At the same time, under similar synthesis parameters of compacted samples with the relative density of 0.55, the yield of the Ti 2 AlN phase was 97 wt %. In both cases, the TiN phase was the secondary phase. Figure 4 shows the microstructure of the surface cleavage of the sintered sample formed at t = 1300°C, τ = 2 h, and containing no more than 1 wt % TiN according to the XPA data. The results of EDA and EPMA showed that the composition of the formed phase corresponds to the formula Ti 2 Al 1.09 N 0.95 , which agrees with the XPA data: the synthesized material is the Ti 2 AlN ternary compound. The material has a laminate structure characteristic of MAX-phases with a grain size not exceeding 10-20 μm in length and 2-4 μm in thickness. Thus, the size of Ti 2 AlN grains in the material formed by reaction sintering is substantially smaller than in that synthesized by HIP [6] because of the decreased process temperature and time.
CONCLUSIONS
The material based on the Ti 2 AlN MAX phase with the content of the secondary TiN phase no larger than 1 wt % is synthesized by reaction sintering of the Ti + AlN powder mixture in molar ratio 2 : 1. This product has the laminate structure typical of the MAX phase. Conditions providing the yield of the Ti 2 AlN phase no lower than 99 wt % are determined: isothermal annealing in argon at 1300°C for 2 h. A decrease in the synthesis time and temperature leads to an increase in the content of the TiN phase.
The substantial influence of the synthesis medium on the phase composition of the material is established. The synthesis in vacuum does not make it possible to form the single-phase Ti 2 AlN material, and it contains up to 20 wt % TiN. A high partial pressure of Al in dynamic vacuum conditions at the synthesis temperature leads to the variation in the quantitative ratio of mixture components and the formation of the twophase material, containing phases Ti 2 AlN and TiN.
It is shown that the preliminary mechanical activation of mixtures increases the content of the secondary TiN phase in the synthesized material. It is assumed that such treatment of the initial mixture leads to the acceleration of thermal dissociation of the AlN phase and depletion of the mixture with aluminum displacing the concentration equilibrium of the system into the two-phase region of occurrence of Ti 2 AlN-TiN phases. 
